Recognition of methylated histone tail lysine residues by tudor domains plays important roles in epigenetic control of gene expression and DNA damage response. Previous studies revealed the binding of methyllysine in a cage of aromatic residues, but the molecular mechanism by which the sequence specificity for surrounding histone tail residues is achieved remains poorly understood. In the crystal structure of a trimethylated histone H3 lysine 4 (H3K4) peptide bound to the tudor-like domains of Spindlin1 presented here, an atypical mode of methyllysine recognition by an aromatic pocket of Spindlin1 is observed. Furthermore, the histone sequence is recognized in a distinct manner involving the amino terminus and a pair of arginine residues of histone H3, and disruption of the binding impaired stimulation of pre-RNA expression by Spindlin1. Our analysis demonstrates considerable diversities of methyllysine recognition and sequence-specific binding of histone tails by tudor domains, and the revelation furthers the understanding of tudor domain proteins in deciphering epigenetic marks on histone tails. methylation | rRNA expression H istone lysine methylation imparts epigenetic information in chromatin biology, and the transduction of epigenetic signal is mediated by a diverse group of proteins containing methyllysine recognition domains (1). Some of the best known methyllysine recognition modules include chromo, tudor, MBT (Malignant Brain Tumor), and PHD (Plant Homeodomain) domains (2-4). A recent addition of this family of histone methyllysine "readers" is the BAH domain ORC1 (5). These methyllysine "readers" can recognize histone lysine methylation in a site-specific and methylation state-specific manner. A common feature of methyllysine recognitions involves a cage of aromatic residues, whereas the ways for discriminating the surrounding amino acid sequence of histones appear to be divergent among different methyllysine "readers." In this study, we focus on the recognition of trimethylated lysine-4 of histone H3 (H3K4me3) by the tandem tudor-like domains of Spindlin1.
Recognition of methylated histone tail lysine residues by tudor domains plays important roles in epigenetic control of gene expression and DNA damage response. Previous studies revealed the binding of methyllysine in a cage of aromatic residues, but the molecular mechanism by which the sequence specificity for surrounding histone tail residues is achieved remains poorly understood. In the crystal structure of a trimethylated histone H3 lysine 4 (H3K4) peptide bound to the tudor-like domains of Spindlin1 presented here, an atypical mode of methyllysine recognition by an aromatic pocket of Spindlin1 is observed. Furthermore, the histone sequence is recognized in a distinct manner involving the amino terminus and a pair of arginine residues of histone H3, and disruption of the binding impaired stimulation of pre-RNA expression by Spindlin1. Our analysis demonstrates considerable diversities of methyllysine recognition and sequence-specific binding of histone tails by tudor domains, and the revelation furthers the understanding of tudor domain proteins in deciphering epigenetic marks on histone tails. methylation | rRNA expression H istone lysine methylation imparts epigenetic information in chromatin biology, and the transduction of epigenetic signal is mediated by a diverse group of proteins containing methyllysine recognition domains (1) . Some of the best known methyllysine recognition modules include chromo, tudor, MBT (Malignant Brain Tumor), and PHD (Plant Homeodomain) domains (2) (3) (4) . A recent addition of this family of histone methyllysine "readers" is the BAH domain ORC1 (5). These methyllysine "readers" can recognize histone lysine methylation in a site-specific and methylation state-specific manner. A common feature of methyllysine recognitions involves a cage of aromatic residues, whereas the ways for discriminating the surrounding amino acid sequence of histones appear to be divergent among different methyllysine "readers." In this study, we focus on the recognition of trimethylated lysine-4 of histone H3 (H3K4me3) by the tandem tudor-like domains of Spindlin1.
Mammalian Spindlin1 is a nucleolar protein that localizes to the active ribosomal DNA (rDNA) repeats locus, where it is normally enriched with histone H3K4 and H3K36 methylations, and facilitates rRNA expression (6, 7) . Spindlin1 contains three tandem tudor-like domains (8) , and we previously demonstrated that the tudor-like domains bind to H3K4me3 in vitro (7) . Furthermore, Spindlin1 mutants with impaired H3K4me3 binding showed reduced stimulation of rRNA expression (7) . Hence, these observations directly link the ability of H3K4me3 binding with the transcription function of Spindlin1. However, several important aspects of the molecular mechanism of H3K4me3 recognition by Spindlin1 remain outstanding; foremost ones include how Spindlin1 achieves its H3K4me3 specificity and what features distinguish the H3K4me3-binding tudor-like domain from others in Spindlin1. Previous structural studies of tudor domains have yielded some understandings of how they recognize methylated histone tails (9-13). Among the tudor domain structures with methylated histone peptides, the two most relevant ones to this study are the double tudor domains of JMJD2A and Sgf29 in complex with H3K4me3 peptides (9, 12) .
Our cocrystal structure of Spindlin1 in complex with an H3K4me3 peptide encompassing residues 1-8 shows that the H3K4me3 is exclusively bound to the second tudor-like domain. Importantly, both the binding mode of the methyllysine in the aromatic cage and the manner by which the histone sequence specificity is achieved differ from all known structures. Our results have revealed intrinsic properties of Spindlin1 critical for H3K4me3 recognition and stimulation of rRNA expression and have uncovered an interesting binding mode of methylated histone tails by tudorlike domains.
Results
Second Tudor-Like Domain of Spindlin1 Binds the H3K4me3 Peptide.
The 2.1 Å structure of human Spindlin1 in complex with a histone H3K4me3 peptide (aa [1] [2] [3] [4] [5] [6] [7] [8] shows that it comprises three juxtaposed tudor-like domains (Fig. 1) . Each tudor-like domain is composed of four antiparallel β-strands, β1 to β4, whereas the second tudor-like domain (domain II) contains an additional strand, β5, and two small alpha helices, α1 and α2 (Fig. 1A) . The overall arrangement of the three tudor-like domains is similar to that of the apo-Spindlin1 structure (PDB ID: 2NS2) (8) . The two structures can be superimposed with a root-mean-square deviation (rmsd) of 1.1 Å (Fig. S1 ). One H3K4me3 peptide is bound to domain II ( Fig. 1 A and B and Fig. S2 ). Four aromatic residues-Phe141, Trp151, Tyr170, and Tyr177-located on β1, β2, β3, and β4 of domain II, respectively, form a cage that traps the trimethylated H3K4 residue (Fig. 2) . No significant conformational changes of these residues are observed upon the binding of the H3K4me3 peptide, and the peptide binding does not seem to alter the organization of the three tudor-like domains in solution or in the crystal (Figs. S1 and S3). Typically, methyllysine binding aromatic cages, such as those found in chromo and other tudor domains, are formed by three aromatic residues (3, 14) . An interesting case is the PHD finger of BPTF, which also uses an aromatic cage of four residues to bind H3K4me3 (15) . Nevertheless, similar types of interactions, namely hydrophobic and charged (cation-π) interactions, are involved in the binding of H3K4me3 in the atypical aromatic cage of domain II of Spindlin1.
The histone peptide is bound in an extended negatively charged region encompassing β1, β2, and α2 of domain II (Fig. 1B) . Besides the methylated H3K4, only two other histone residues, H3R2 and H3R8, are involved in sidechain interactions with Spindlin1. The guanidino moiety of H3R2 forms two hydrogen bonds with the sidechain hydroxyl groups of Asp184 located on α2 and one to the carbonyl group of Gln180. The guanidino moiety of H3R8 forms two hydrogen bonds with Asp173 and another with the hydroxyl group of Tyr177 of Spindlin1. In addition, the terminal amino group of H3A1 makes hydrogen bonds with the hydroxyl groups of Glu142 and Asp189 (Fig. 2) . These interactions determine the binding specificity of Spindlin1 toward H3K4.
Structural Differences Between the Histone Binding and Nonbinding
Tudor-Like Domains. The three tudor-like domains of Spindlin1 enjoy a significant degree of sequence conservation (23%/59% and 26%/56% sequence identity/similarity between domain II and domains I and III, respectively) and share similar overall structures (rmsd deviations of 1.9 and 2.1 Å between domain II and domains I and III, respectively), yet only domain II binds the histone H3 peptide ( Figs. 1 and 3 ). With the structure in hand we seek an explanation of the asymmetric histone-binding behavior of the tudor-like domains. Sequence comparison and structure alignment indicate that domain III cannot accommodate methyllysine binding, as it lacks critical residues that can form an intact aromatic cage. Domain III residues corresponding to the aromatic cage residues Phe141, Trp151, Tyr170, and Tyr177 of domain II are Lys222, Arg228, Phe247, and Tyr254, respectively ( Fig. 3 A and B) . In contrast, the corresponding residues in domain I are Trp62, Trp72, Tyr91, and Tyr98, respectively, and they form an aromatic cage ( Fig. 3 A and C) . However, instead of a methyllysine, a crystallization solvent molecule, CHES, occupies the aromatic cage of domain I (Fig. 3C ). Domain I residues corresponding to histone H3-interacting Glu142, Asp173, Asp184, and Asp189 of domain II are Lys63, Phe94, Asp105, and Ala110, respectively. Obviously, domain I residues Lys63, Phe94, and Ala110 cannot make hydrogen bonds to the histone peptide as domain II residues E142, Asp173, and Asp189 do. Superficially, Asp105 of domain I can serve the function of Asp184 in histone binding. However, proper positioning of Asp184 depends on the α-helix (α2) on which it locates, and a corresponding helix is lacking in domain I (Figs. 2 and 3C). Thus, domain I contains an intact aromatic cage that can potentially bind a methylated peptide, but it cannot be the H3K4me3 peptide due to unsuitable or improperly positioned amino acids. To probe whether domain I is involved in binding other histone methyllysine marks, we tested interactions between Spindin1 and mononucleosomes mimicking H4K20, H3K79, or H3K36 methylation. The results of mononucleosome pull-down experiments were all negative (Fig. S4A) . Previously, we demonstrated that Spindlin1 does not bind nucleosomes mimicking H3K9 or H3K27 methylation (7) . We further tested the binding of an isolated domain I to histone tail peptides with H3K4me3, H3K9me3, H3K27me3, H3K36me2, or H4K20me3 modifications by isothermal titration calorimetry (ITC) measurements, and no binding was detected (Fig.  S4B) . Hence, domain I appears not to be a methyllysine binder.
Structural Determinants for Histone Binding Specificity Are Important for in Vitro and in Vivo Functions of Spindlin1. To correlate the structural findings with the biochemical and in vivo properties of Spindlin1, we made several mutants of Spindlin1, measured their bindings to a 10-residue H3K4me3 peptide (aa 1-10) by ITC, and tested their effect in rRNA expression. We have previously shown that an intact aromatic cage of domain II is critical for binding H3K4me3 and stimulation of rRNA expression (7). Here we test the functions of Asp184 and Asp189, which interact with Arg2 and the terminal amino group of histone H3, respectively (Fig. 2) . ITC measurements show that Asp184 and Asp189 mutations affect the binding of the H3K4me3 peptide to different degrees ( (Fig. 4A) . The different contributions of Asp184 and Asp189 in H3K4me3 binding may be understood from the number of hydrogen bonds they engage in interaction with the histone peptide (Fig. 2) .
We have previously demonstrated that Spindlin1 stimulates the expression of rRNA, and the stimulation effect depends on the H3K4me3 binding ability of Spindlin1 (7). To assess the significance of structural and biochemical results, we tested the effect of the Asp184 and Asp189 mutants of Spindlin1 in pre-rRNA expression. Fig. 4B shows that, in HeLa cells expressing wild-type or mutant Spindlin1, the abilities to stimulate pre-RNA expression by these mutants correlate well with their abilities to bind H3K4me3 peptides in vitro. Therefore, we conclude that the aspartic residues identified by structural analyses are critical for histone binding specificity and important for in vitro and in vivo functions of Spindlin1.
Diverse Methyllysine Binding Modes and Distinct Sequence Recognition
Mechanisms. To date, several tudor domain structures in complex with methylated histone peptides have been determined. They include the double tudor domain of JMJD2A complexed with H3K4me3 and H4K20me3 peptides (9, 10), the double tudor domain of 53BP1/Crb2 in complex with a H4K20me2 peptide (11), the tandem tudor domain of UHRF1 in complex with a H3K9me3 peptide (13) , and the double tudor domain of Sgf29 in complex with a H3K4me3 peptide (12) . We choose the structures of JMJD2A and Sgf29 for close comparison with our Spindlin1 structure for two reasons: first, they all recognize methylated H3K4, and second, they are the only reported tudor domain structures with a significant number of ordered histone H3 residues, which are important for analysis of sequence-specific tudor domain-histone H3 interactions.
The methyllysine binding pockets of the tudor domains of Spindlin1, JMJD2A, and Sgf29 share three spatially defined aromatic residues, one each on β1, β2, and β3 or their close vicinities (Fig. 5) . A fourth aromatic residue, Tyr177 on β4, is specific to Spindlin1. The three aromatic residues of JMJD2A are arranged in a configuration similar to that of Spindlin1. However, the two H3K4me3 residues are almost perpendicularly positioned in the two complexes (Fig. 5 A and B) . In JMJD2A the trimethyl group is directed toward Tyr973 on β2 (which corresponds to Trp151 of Spindlin1), whereas in Spindlin1 it faces Tyr170 on β3 (equivalent to Phe932 of JMJD2A). The residue that corresponds to Tyr170 of Spindlin1 is Phe264 in Sgf29, and oddly, its aromatic sidechain turns away from the trimethyl group, making the binding site an aromatic wedge instead of a cage (Fig. 5C) . Hence, Spindlin1 recognizes trimethylated H3K4 via a binding mode different from other H3K4me3-binding tudor domains.
It was described earlier that apart from the contacts by the trimethylated lysine, the terminal amino group and the sidechains of Arg2 and Arg8 interact via hydrogen bonds with sidechain atoms of domain II residues of Spindlin1 (Fig. 5A) . Arg2 also makes a hydrogen bond to the carbonyl of Gln180 of Spindlin1, but there is only one mainchain-mainchain interaction, involving the carbonyl of H3R2 and the amide group of Glu142. In the JMJD2A complex, the H3K4me3 peptide is bound next to β4 of JMJD2A in a pseudo-antiparallel β-sheet pairing fashion with three intermolecular carbonyl-amide hydrogen bonds (Fig. 5B) (9) . Both the amino terminus and H3R2 are also involved in interactions with JMJD2A sidechains, but H3R8 is disordered in the structure and Ala7 is not involved in intermolecular interactions. However, both Thr3 and Gln5 of histone H3 interact with JMJD2A, via hydrogen bonds with the sidechain amino group of Asn940 and the carbonyl of Phe937, respectively (Fig. 5B) . In the Sgf29 structure, only residues 1-4 of histone H3 are ordered (12) . Besides the methyllysine, the only sidechain involved in intermolecular interaction is H3R2, whose guanidino moiety makes four hydrogen bonds with the sidechain amino group and the mainchain carbonyl of Gln240 (Fig. 5C) . The above comparisons clearly demonstrate that distinct mechanisms are used by these tudor domains to achieve sequence specificity for the same region of histone H3.
Discussion
The crystal structure of Spindlin1 in complex with the H3K4me3 peptide shows that only one of its tudor-like domains, domain II, binds the histone peptide. Our analysis reveals that an intact aromatic cage and several aspartic acid residues that interact with the terminal amino group, H3R2, and H3R8 are critical for domain II's ability to bind the H3K4me3 peptide. Other tudor-like domains of Spindlin1 lack some of these features, rendering them unable to bind the H3K4me3 peptide. More and more examples have emerged that only one tudor domain in proteins with tandem tudor domains binds methylated histone tails, whereas others serve as packing scaffolds. Comparison of the histone binding and nonbinding tudor-like domains presented here should help the analysis of histone binding ability of tudor domains in general. An extremely interesting finding is that even among tudor domains recognizing the same methyllysine mark, the methyllysine binding mode and the mechanism for sequence-specific recognition are very different. The varied binding modes of the aromatic cages can be mainly attributed to the context in which they are positioned. In particular, β4 and its preceding loop play important roles in determining the manner of histone peptide binding. In the JMJD2A tudor domain complex, the H3K4me3 peptide forms an extensive intermolecular hydrogen bond network through sidechain-sidechain, mainchain-sidechain, and mainchainmainchain interactions with the tudor domain. In the Spindlin1 structure, β4 residues Tyr177 and Tyr179 point outward from the β-sheet edge, preventing the binding of H3K4me3 peptide in a manner resembling that with the JMJD2A tudor domain, highlighting the importance of sidechain interactions via H3R2 and H3R8. Sgf29 has an unusually long loop preceding β4, and Leu277 takes a conformation similar to Tyr177 of Spindlin1. Hence, the histone peptide cannot bind like that found in the JMJD2A complex. The peptide does not bind like that in the Spindlin1 complex either, because Pro239 significantly altered the positioning of Tyr238, an aromatic cage residue. These observations indicate diverse and context-dependent modes of methyllysine recognition by tudor domain.
Tudor domains have been shown to recognize histone lysine residues located at different positions and methylated to different degrees (3). In addition, some tudor domains recognize methylated arginine residues of histone and nonhistone proteins (16) (17) (18) (19) (20) . These methylation-dependent interactions impact a wide spectrum of biological processes in eukaryotes. Therefore, it is imperative to understand the recognition modes of tudor domains in detail. The results obtained here unveil an intricate picture of sequence-specific recognition of methylated histone tails by tudor domains and, together with the dynamic and complex pattern of histone methylation, highlight the elaborate pattern of epigenetic control of gene expression.
Materials and Methods
Protein Expression, Purification, and Crystallization. GST-fused Spindlin1 encompassing the three tudor-like domains (aa 27-262) was expressed in Escherichia coli using a pGEX-2T vector. Protein expression, GST tag cleavage, and purification were carried out following the published protocol (8, 21) . Purified Spindlin1 was concentrated to ∼24 mg/mL in a buffer containing 20 mM Tris·HCl, pH 8.0, and 100 mM NaCl. Chemically synthesized H3K4me3 peptide (aa 1-8) with the sequence ARTK(me3)QTAR was purchased from SciLight Biotechnology, dissolved in water to a stock concentration of 100 mM, and added to the concentrated protein sample at a peptide-to-protein molar ratio of 10:1. The protein-peptide mixture was incubated on ice for an hour to allow efficient complex formation before crystallization trials. Crystals used for X-ray diffraction were obtained from a condition containing 0.1 M CHES (pH 9.5), 2.1 M ammonium sulfate, and 0.2 M lithium sulfate using the hanging drop diffusion method at 16°C.
Crystal Structure Determination. The X-ray diffraction data were collected at 100K using the crystallization buffer plus 15% (vol/vol) glycerol as cryoprotectant. A 2.1 Å dataset was collected at a wavelength of 0.9789 Å at beamline BL17U of Shanghai Synchrotron Radiation Facility using a Quantum 315r CCD detector (ADSC). The diffraction data were processed with the HKL2000 software (22) . The crystal belongs to P21212 space group, and the structure was solved by molecular replacement using Molrep of the CCP4 program suite (23) . The apo Spindlin1 structure (PDB ID: 2NS2) was used as the searching model. The peptide model of was built using Coot, and the complex structure was refined using PHENIX and Coot (24, 25) . TLS refinements were applied to improve the electron density map. Detailed statistics of crystallographic analyses are shown in Table S1 . Structure figures were prepared using PyMol (www. pymol.org), and the coordinates were deposited in PDB under ID code 4H75.
ITC Measurements and rRNA Rranscription Assay. Spindlin1 mutants were generated by site-directed mutagenesis. The H3K4me3 peptide used for ITC analysis spans residues 1-10 of histone H3. Peptide binding ITC measurements and RT-PCR detection of rRNA expression were carried out following the procedures we previously described (7) . For each ITC measurement, 1 × 0.5 μL followed by 19 × 2 μL of H3K4me3 peptide were titrated into a 250 μL protein sample. Each protein sample, except those that showed no bindings, was measured at least twice. The data were analyzed using the ORIGIN software (MicroCal Inc.), and the ones with the best fittings are represented here.
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